Recent meta-analyses have shown the importance of locoregional control as a long-term determinant of breast cancer survival. Whether factors related to the delivery of radiotherapy, such as delay, dose, fractionation or irradiated volume, are associated with outcome remains unclear. We performed a critical review of the literature on delay to radiation using a computerized search of papers published between 1985 and 2000. Periods of accrual, details of radiotherapy, surgical and systemic treatment, and information on prognostic factors were noted. Studies on sequencing of adjuvant therapy were compared to studies on delay to radiation, classified according to whether or not patients also received chemotherapy. Comparisons of patients receiving systemic therapy to individuals spared this option were considered uninformative since the impact of delaying radiation is then highly confounded by systemic treatment received. The single published experimental study on sequencing suggests that delay to radiation may compromise local control, and this is consistent with a few retrospective reports on delay to radiotherapy among patients receiving chemotherapy. However, indirect evidence from two randomized clinical trials of chemotherapy, and the majority of observational studies on delay to radiotherapy, suggest that it has no impact on either local, distant control or survival. Factors, methodological, and others, that could explain these inconsistencies are discussed. No study restricted to patients at low risk of recurrence suggested an impact of delaying radiation. Short chemotherapy regimens are likely to represent a safe option with respect to outcome of radiation treatment.
Introduction
Radiation therapy (RT) following conservative surgery for breast cancer was established as the standard of care in the early 1990s [1, 2] . A recent expert panel also recommended postmastectomy radiotherapy in patients with four or more positive axillary lymph nodes, with T3 or stage III tumors [3] . Such treatment reduces the risk of local or locoregional relapse. However, different views have prevailed about the importance of local control as a determinant of long-term survival for this disease [4] . In addition to recent clinical trials among high-risk patients [5] [6] [7] , two meta-analyses have provided new information on this relationship [8, 9] . Whelan et al. [8] combined data from 18 trials where patients also received systemic adjuvant therapy and showed that radiotherapy reduced the risk of local recurrence, any recurrence, and death. In addition, both timing of radiotherapy and radiation technique were shown to influence outcomes of treatment. The odds ratio (OR) for mortality in trials in which radiation was administered within 6 months of starting chemotherapy was 0.78, 95% confidence interval (0.69, 0.89), compared with 1.14, (0.80, 1.62) in trials with delayed radiation. The Early Breast Cancer Trialists' Collaborative Group update at 20 years of follow-up of the meta-analysis of 40 unconfounded trials of radiotherapy for early breast cancer [9] also showed a significant disease-specific mortality reduction (20-year survival: 53.4% radiotherapy versus 48.6% controls, p = 0.0001), in addition to a reduction of about two thirds in local recurrences (10.4% radiotherapy versus 30.1% controls, p < 0.00001) associated with radiotherapy. Overall 20-year mortality was similar in women receiving or not radiation as a result of an increase in the number of deaths unrelated to breast cancer in irradiated women, especially cardiovascular mortality. The proportional effect of radiation therapy on breast cancer mortality was independent of age, stage, and nodal status, as well as treatment modalities, including dose, fractionation, irradiated volume, type of irradiation, co-administration of systemic therapy, size of the trial, as well as year it started. The impact of postponing radiation was not evaluated as such. Overall, it is, therefore, unclear which factors related to radiotherapy, if any, are detrimental to survival. We performed a critical review of the literature to assess the evidence on delay to radiation and outcome of breast cancer.
Materials and methods
Papers included in this review were identified by a computerized search of the Medline, Cancerlit and HealthStar databases from 1985 until the end of the year 2000, using as key words: breast neoplasms, radiotherapy, waiting lists, time factors, treatment delay, delay, waiting time, time interval, chemotherapy and time interval, combined modality therapy and time interval. Referenced articles in relevant papers were also reviewed. The search was restricted to English or French publications. Studies published only as abstracts were excluded. In addition, the Web sites of the United States National Cancer Institute and of the National Cancer Institute of Canada were visited for additional information on adjuvant therapy of breast cancer. The review excluded studies reporting only cosmetic outcomes of treatment.
Because these studies are heterogeneous, in particular with respect to the confounding effect of cotreatments, they were grouped according to whether or not chemotherapy was administered. Whenever possible, data were also provided separately for women having breast conserving surgery and total mastectomy. When start of follow-up was not explicitly specified, it was assumed to be the date of surgery. In addition, information on prognostic factors likely to influence outcomes of radiation therapy, including co-treatments, was taken into account when it was specified. Finally, periods of accrual and details of treatment were noted.
Results
Timing of radiotherapy was assessed in two groups of studies: studies on sequencing of chemotherapy and radiotherapy, and studies of delay to radiation given a specific chronological order of treatments. Table 1 describes studies on sequencing of adjuvant radiotherapy and chemotherapy where patients treated by radiotherapy first were compared to those treated with chemotherapy followed by radiation. Studies on concomitant administration of both treatment modalities were excluded since they provide no information about delay. The earliest report was published by Recht et al. [10] who retrospectively reviewed 295 node-positive patients treated at the Joint Center for Radiation Therapy from 1976 to 1985. The radiation dose to the total breast was usually 45-46 Gy, delivered at 1.8-2.0 Gy fractions five times weekly. The median total dose to the primary tumor site was 66 Gy and the nodal region was treated in 86% of cases. Chemotherapy consisted of CMF-based or doxorubicin-based regimens, alone or in combination. No patient received hormonal therapy (HT). The sequencing was: radiation followed by chemotherapy (RT-first) in 99 patients (34%), sandwich therapy with chemotherapy administered both before and after irradiation in 54 patients (18%), and concurrent radiotherapy and chemotherapy in 166 cases (39%). Only 26 patients (9%) had all chemotherapy completed before radiotherapy (CT-first). The CT-first group had the highest actuarial 5-year rate of local recurrences, 41% versus 4% in the RT-first group (p = 0.03), 8% in those with sandwich treatment (p = 0.04), and 6% in women receiving concomitant therapy (p = 0.06). For distant failures, these proportions were 50% (CT-first), 24% (RT-first), 11% (sandwich treatment), and 18% (concomitant therapy) (p-value = 0.56 for all groups being the same). For patients who received radiation therapy within 16 weeks of surgery, the 5-year actuarial local recurrence rate was 5% compared with 35% in those beginning therapy more than 16 weeks after surgery (p = 0.0001). There also was a small but not statistically significant difference in the distant failure rate between women starting chemotherapy within 8 weeks of axillary dissection, 16%, and those starting it later, 22%. This study suggests that delaying radiation therapy may increase the likelihood of local failure, but it is limited by the small number of patients, especially in the radiation therapy first group, and the lack of details on factors likely to influence local recurrences, especially margin status. In addition, confounding by indication is likely to have influenced the results since the treatment decision was made by the medical and radiation oncologists in consultation, and no multivariate analysis was performed to adjust for differences in prognostic factors across groups.
Sequencing of adjuvant treatment and outcomes of breast cancer
In a multicentric study conducted in France, Nguyen et al. [11] assessed outcomes of breast cancer in 312 node-positive patients treated between 1977 and 1987, and followed for a minimum of 3 years. All were treated by surgery, radiation therapy, and multiagent chemotherapy. The surgical intervention was modified radical mastectomy in 53% and tumorectomy in 47%, but results were not reported separately for the two groups. Radiation therapy was delivered at a dose of 45-55 Gy in four or five fractions each week. A boost dose of 5-15 Gy was delivered to 15% of cases, and 42% had axillary irradiation. Group I included 125 patients who received radiotherapy immediately following surgery and group II, 187 with radiation delayed between 2 and more than 6 months after chemotherapy. A third of patients received CMF, the others an anthracycline-based regimen. The 5-year actuarial rate of locoregional failure was 9.4% in group I and 10.5% in group II. For distant metastasis, the rates were 38 and 22%, whereas survival was estimated at 71.6 and 77.4%, respectively. These differences were not significant, and no multivariate analysis was performed to account for differences in prognostic factors between groups.
Two more recent observational studies were conducted at the University of Texas M.D. Anderson Cancer Center during overlapping periods of time.
The first one, by Buchholz et al. [12] , evaluated chemotherapy and radiation sequencing in 124 nodenegative patients treated with breast-conserving surgery between 1982 and 1996. Only patients who received their radiation at this institution were included. The two groups of patients were similar in age, tumor stage, margin status, as well as hormone receptor status. The median follow-up was 44 months for the chemotherapy-first group and 61 months for the radiation-first group. The radiation treatment was given using opposed tangential fields to a median dose of 50 Gy. The majority of women had a boost to the primary tumor bed. Doxorubicin-based combination therapy with a median of six cycles was most often used. Less than 10% of women in each group also received tamoxifen. There were no significant differences in outcomes for any of the endpoints studied but the statistical power was limited. The local control rates were 100 and 94% in the CT-first and RT-first groups, whereas the distant control rates were 92 and 79%, and overall survival at 5 years was 89% in each group. The second review by Buzdar et al. [13] included 552 patients with both node-negative and positive disease treated between 1974 and 1990 with either total mastectomy (n = 467) or segmental mastectomy (n = 85), irradiation, and combination chemotherapy. Within each surgical modality, patients were classified according to whether chemotherapy or radiation therapy was administered first. As in the previous series, chemotherapy usually consisted of doxorubicin-containing regimens (FAC or VACP), sometimes with modifications. Details of irradiation protocols were not reported but are likely to be similar in both reviews. Delay to irradiation in women receiving chemotherapy first was at least 20 weeks. A higher proportion of women in the chemotherapy first group had more than four nodes invaded (84% versus 58%, p < 0.01). Among women having total mastectomy, the 5-year estimated recurrence rates in the group with chemotherapy first as compared with the group with radiation therapy first were 4.2% ± 3% versus 3.5% ± 1%, p = 0.44 for locoregional recurrences, and 35.5% ± 7% versus 36.0% ± 2.7%, p = 0.80, for systemic recurrences. Adjustment for age and number of involved nodes did not modify these associations. Among women treated with segmental mastectomy, more women in the chemotherapy first group were ER-positive (54% versus 30%, p = 0.05). The rates of both locoregional recurrences and systemic recurrences were similar in the two groups (3.1% ± 3% versus 4.6% ± 3%, p = 0.76; 28.4% ± 13% versus 19.1% ± 7%, p = 0.67). Conclusions from these two studies are consistent and suggest that regardless of the type of surgery and extent of disease, the chemotherapy-radiation therapy sequence does not influence the local or systemic recurrence rates. Although observational, these studies at least partially adjusted for significant covariates likely to influence outcomes. The independence of the samples is unclear.
The only published randomized clinical trial evaluating the sequencing of chemotherapy and radiation therapy after conservative surgery for early-stage breast cancer was conducted in Boston, and included 244 patients diagnosed with stage I or II breast cancer treated with wide local excision between 1984 and 1992 [14] . Less than 15% were node-negative. They received a 12-week course of adjuvant chemotherapy with methotrexate, leucovorin, fluorouracil, cyclophosphamide, prednisone, and doxorubicin, administered either before (CT-first group) or after irradiation (RT-first group). Radiation therapy was delivered to the entire breast to a dose of 45 Gy in 25 fractions, followed by a boost of 16-18 Gy, and 36 and 35% of patients in the RT and CT-first groups, respectively received nodal irradiation. Both groups were similar in prognostic factors (age, lymphatic invasion, ER, margins, and nodal status), except that a larger proportion of patients in the RT-first group had tumors with an extensive intraductal component. After completion of both radiotherapy and chemotherapy, tamoxifen was given, starting in 1988, to seven patients in the RT-first group and 10 in the CT-first group. The median interval between last surgery and radiation therapy was 36 and 126 days, respectively. For chemotherapy, it was 119 and 52 days, respectively. The 5-year actuarial rates of cancer recurrence at any site, distant metastases, and survival in women with RT-first and CT-first were 38 and 31% (p = 0.17), 36 and 25% (p = 0.05), and 73 and 81% (p = 0.11). There was a difference in the pattern of recurrences of borderline significance, the 5-year crude rates of local recurrence being 5 and 14%, and for regional or distant recurrences, 32 and 20% (p = 0.07). Sequence assignment, invasion of lymphatic vessels, and margin re-excision all had significant effects on the risks of recurrence at various sites in multivariate analysis and interaction of sequence with margin status and number of invaded axillary nodes was significant. In patients with negative margins, there was little influence of treatment sequence whereas in those with close, positive or unknown margins, the higher incidence of local recurrence in the CT-first group and higher incidence of distant metastasis in the RT-first group persisted (p-value for sequence interaction <0.001). Similarly, in patients with one to three positive nodes, the sequence assignment made little difference, but for those with either negative or four or more positive nodes, more local recurrences were found in the CT-first group and more distant recurrences in the RT-first group. Overall, this study suggests that patients at high risk of recurrence should receive chemotherapy before radiation. Because of the long time of accrual and small sample size, it is vulnerable to some biases, as a result of changes in medical care over this period and risk of both β, and to a lower extent α, errors.
Time to radiation and outcomes of breast cancer
Studies on delay to adjuvant radiation therapy and outcomes of breast cancer are summarized in Tables 2  and 3 . They were grouped according to whether or not systemic treatment with chemotherapy was given in addition to surgery and radiotherapy. Two randomized trials of chemotherapy provide some information on delay to radiation among women having breast conserving surgery and are included. All other studies are observational retrospective case series.
Time to radiation and outcomes of breast cancer in studies restricted to women not receiving chemotherapy
Four studies of the impact of delaying radiation therapy following surgery among women not receiving chemotherapy are summarized in Table 2 [15] [16] [17] [18] [19] [20] [21] . In all but one [18] , tamoxifen was not given either. All four were restricted to women having breast conserving surgery and adjusted for significant prognostic factors. Although they used different time frames for the definition of the treatment groups and followed their study populations for different periods of time, their conclusions are remarkably similar.
The earliest series came from the Institut GustaveRoussy and included 436 patients with stage T1 and small T2 breast carcinoma, all treated between 1970 and 1981 with breast-conserving surgery and radiotherapy [15] . Surgery consisted of excisional biopsy or quadrantectomy when the tumor size was 20 mm or less (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) , or equal to or less than 25 mm (1980-81). Eight patients with tumor size greater than 25 mm who refused mastectomy were included in the study. Radiotherapy was delivered using a Cobalt unit to a dose of 45 Gy, in 2.5 Gy fractions, four times weekly to the breast, and when indicated, to the re- gional lymph nodes. A 15 Gy boost to the tumor bed was routinely administered at the same fractionation, and axillary or internal mammary node boosts of 10-15 Gy were occasionally delivered. The 5-and 10-year actuarial locoregional control rates were 93 and 90%, respectively. Time to irradiation was a significant predictor of both breast and locoregional recurrences in univariate analysis, the relative risk of locoregional relapse for women receiving this treatment seven or more weeks after their excisional biopsy being 3.3, p = 0.01, as compared to those receiving it earlier.
There was no difference between treatment intervals of 7-8 versus 9 or more weeks. Time to irradiation, however, lost its significance as a prognostic factor in multivariate analysis that also included tumor grade and radiation dose to the entire breast. Margin status was not an independent predictor of locoregional recurrence in this study.
More recently, Nixon et al. [16] reviewed 653 patients with stage I and II node-negative breast cancer, treated between 1968 and 1985 at the Joint Center for Radiation Therapy in Boston. All underwent complete gross excision of their tumor and usually received a dose of 45-50 Gy to the tumor bed delivered over a period of approximately 5 weeks. This was followed by a boost to the tumor bed to bring the total minimum dose to 60 Gy. Two hundred and eighty three women received radiation within 4 weeks of surgery, 308 between 5 and 8 weeks, and 54 started it 9-12 weeks after surgery. Statistical comparison was limited to the first two groups. Median follow-up was 100 months. Pathologic features were similar in patients treated 0-4 weeks and 5-8 weeks after surgery. There were no differences in their 5-year crude rates of local recurrences (13 and 7%) or regional/distant recurrences (11 and 14%). Young age, high grade, lymphatic vessel invasion, and absence of a mononuclear cellular reaction were significant predictors of recurrences, but not delay to irradiation in multivariate analysis (risk ratio = 0.89, p = 0.44).
Two recent investigations were conducted in Canada. The first [17] included 568 patients with T1-T2, N0 breast cancer treated by lumpectomy and radiation therapy between 1985 and 1992 in Ontario, Canada. Radiotherapy was administered to the whole breast using two different fractionation schedules. One was 50 Gy delivered in 25 fractions over 5 weeks, with a boost of 6-16 Gy in 3-8 fractions to women with close or positive margins. The other schedule consisted of 40 Gy in 15 or 16 fractions over 3-3.5 weeks to the whole breast, followed by a direct electron boost of 12.5 Gy in 4-5 fractions for negative margins or 15 Gy in five fractions for positive margins. Median follow-up was 63.5 months. There were no differences in local recurrences or disease-free survival among women treated 0-8, 8-12, 12-16, and more than 16 weeks after surgery. The crude local recurrence rate was 6.9%; local recurrence was 7.8% for patients treated within 12 weeks, and 3.8% for those treated more than 12 weeks after surgery, a nonsignificant difference. Multivariate analysis showed that age, tumor size, and grade, but not the surgery-radiotherapy interval, were significant predictors of disease-free survival. Margin status was a significant predictor of local breast recurrence (risk ratio = 0.547, p = 0.014), but not disease-free survival.
The effect of time interval between breastconserving surgery and radiation therapy was also evaluated among 1962 women treated in British Columbia between 1989 and 1993 [18] . Subjects were less than 90-year-old at diagnosis, not stage T4 or M1, and had survived for 30 or more days from diagnosis. About 80% were node-negative and 4.5% had unknown nodal status. Tamoxifen was given to 677 patients (34.5%). All patients received tangent pair RT to the whole breast, and 81.8% received 44 Gy. A relatively short fractionation over 3 or 4 weeks was usually used, and 19.2% received a boost to the primary site. Cox proportional hazards regression models were fitted, adjusting for age and residence, pathologic factors (tumor size, grade, lymphatic, vascular or perineural invasion, level of estrogen receptors (ER), histology, nodal status, and margins), as well as use of tamoxifen and treatment center. Median follow-up was 71 months. No difference in ipsilateral breast recurrences was observed for any time interval to RT. The results were similar when the analysis was restricted to women not using tamoxifen. The cumulative incidence of systemic relapse was higher for patients with longer interval to RT (14% for interval 13+ weeks versus 9.6% for 0-5 weeks, p = 0.027). In multivariate analyses, however, this lost significance and only tumor grade, size, and nodal status remained significant predictors of systemic relapse, whereas grade and use of tamoxifen were associated with in-breast relapses. Resection margins were not associated with either outcome in this study.
Both of the Canadian studies involved large numbers of subjects followed for comparable periods of time, adjusted for significant covariates in multivariate models, and defined late radiation therapy within comparable time frames.
Time to radiation and outcomes of breast cancer in studies including women receiving chemotherapy
Several studies have assessed outcomes of radiation therapy in study populations also receiving systemic treatment [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . They are summarized in Table 3 . Two of them are randomized trials of chemotherapy and provided data on subgroups of women having breast conserving surgery and radiotherapy according to schedules that varied with systemic treatment received, therefore offering the opportunity to study the impact of delaying irradiation [19, 20] . In one trial [20] , three or six cycles of CMF were administered, whereas in the other [19] , women receiving four cycles of AC over 2 months with or without further therapy were compared to those receiving 6 months of CMF. In observational studies, chemotherapy consisted of CMF in one case [28] , whereas in the others, either CMF or an anthracycline-based regimen was usually used [21-24, 26, 27] . Type of chemotherapy was unspecified in one report [25] .
These investigations represent a mixed group, since in some cases [19, 20, 22, 23] , all participants did receive chemotherapy, whereas in others, individuals receiving chemotherapy were compared to those not receiving systemic treatment [21] . In four studies [24, [26] [27] [28] , analyses by subgroup of systemic therapy were done. Finally, in one case [25] , a fraction of patients in each group received some systemic treatment, but data were not reported separately for this specific group and no multivariate analysis was performed to adjust for this factor.
Two reports are subset analyses of randomized clinical trials. The NSABP B-15 trial [19] was designed to compare four cycles of AC given in 2 months with or without further therapy with CMF to 6 months of conventional CMF. After January 1985, lumpectomy plus axillary dissection and radiation therapy became accepted care and women so treated became eligible, providing some information about the impact of delaying radiotherapy which was given after either four cycles of AC or one cycle of CMF. At 3 years of follow-up, there were no significant differences in either disease-free, distant disease-free, or overall survival across groups, which included 199 (AC only), 202 (AC with CMF reintroduction), and 194 (CMF only) patients, respectively. Distant disease-free survival was 74% in the group with CMF only and 70% (AC only) and 79% (AC with subsequent CMF) in the others. Survival was 86% in women with CMF, 90% in those with AC only, and 84% in women receiving AC with CMF reintroduction 1 . Similarly, Wallgren et al. [20] used data from two International Breast Cancer Study Group (IBCSG) trials (IBCSG VI and VII) collected from 1986 to 1993 on women who received breast conserving surgery to see whether or not it is safe to delay radiation therapy until completion of chemotherapy in women with node-positive disease. Both trials stratified patients by type of surgery. In IBCSG trial VI, which is the most relevant for the purpose of studying the impact of delay to radiation since all patients received some chemotherapy, 1554 pre-or perimenopausal node-positive women were assigned to either three or six courses of CMF with or without subsequent reintroduction. In trial VII, 1266 postmenopausal node-positive patients were allocated to receive either tamoxifen for 5 years, or tamoxifen for 5 years with three early cycles of CMF, both with or without three courses of delayed CMF. The analysis was restricted to women undergoing BCS plus radiation therapy, received after a median delay of 4 and 6.6 months in trial VI, and 2.3 and 3.9 months in trial VII. No differences in the 4-year percent of total failure (25% versus 30% in pre/perimenopausal women after 3 versus 6 cycles of CMF, 23% versus 21% in postmenopausal women without versus with initial three cycles of CMF), total distant failure (18% versus 23%, 18% versus 15%, respectively), and overall survival (90% versus 84%, 89% versus 89%, respectively) were observed. Although the proportion of women receiving chemotherapy differed, both trials reached the same conclusion. The results were similar when the analysis was restricted to women with at least 4 years of follow-up who actually received radiation therapy, but the numbers of cases then became very small, 90 and 107 in women from trial VI with three or six cycles of CMF and 65 and 68 in trial VII without and with CMF. Rates of local recurrences (with or without other sites) were 8 and 7% in trial VI and 3 and 6% in trial VII in the early and late RT groups. There were no differences between treatments within any subgroups defined by age, ER or degree of nodal involvement. The authors concluded that delaying radiation therapy after completion of chemotherapy does not adversely influence treatment outcomes.
One study [21] compared patients who received chemotherapy to patients who did not. The effect of delaying radiation on recurrences is then highly confounded by systemic treatment received. No effect of delay on outcomes was observed. It included 471 patients with stage I or II disease treated with wide local excision between 1980 and 1990 at Memorial Hospital in New York. A total of 332 patients were treated with breast-conserving surgery followed by radiation therapy only, with no further systemic treatment. This group had a median follow-up of 77 months and is designated as the RT only group. A second group of 53 patients received all chemotherapy before radiation (the CT first group). The regimens used varied over time. The CAF/CMFVP regimen was used through the late 1980s for women with four or more positive nodes, whereas CMF (6-8 cycles) was used for patients with three or less positive nodes, including node-negative patients, in the latter part of the 1980s. Until the mid-1980s, sandwich radiotherapy (one to three cycles of CMF before radiation, the rest after radiotherapy for a total of six cycles) was used in 86 node-positive patients. The median follow-up time of these last two groups was 53 and 69 months. No patient in this study received radiation first followed by chemotherapy. Radiation therapy was delivered to the whole breast and dose varied between 45 and 50 Gy, plus a boost of between 14 and 22 Gy. The two groups with chemotherapy had comparable proportions of node-negative cases (23%), as compared to 86% of women in the RT only group, and on average, they were 6 years younger. The median interval time before initiation of radiation therapy was 6 weeks in the RT only group, 29 weeks in the CT first group, and 7 weeks in the third group. Although at 5 years a trend was noted in terms of increased local failure in the CT first group, it did not reach significance. The hazard ratio, adjusted for nodal status and T stage, was 0.69 (0.17, 2.83) for local failure among women receiving chemotherapy (first or split) versus radiation therapy only. The same estimate for distant metastasis was 1.35 (0.50, 3.65) .
Two other observational studies [22, 23] , both including very small samples, were restricted to patients who all received chemotherapy without tamoxifen. The first one [22] included 105 patients all treated from 1980 to 1990 at the University of Washington Medical Center with chemotherapy and radiation therapy for locoregional breast cancer. Forty-eight patients received their radiation treatment within 6 months, and 57 more than 6 months after their diagnosis. Only 15% of cases in each group were node-negative. Surgery was conservative or biopsy alone in 60% of women and 40% had total mastectomy. Radiation was delivered at doses of 45-50 Gy, usually 5 days a week, at daily doses of 1.8-2 Gy. Boosts of 10-24 Gy were delivered to women felt to be at high risk of residual disease. The majority of patients in the early irradiation group received one or two cycles of chemotherapy prior to radiation. In the delayed radiation group, all patients received chemotherapy within 3 months of their diagnosis. Combination therapy was used and a greater proportion of patients in the delayed irradiation group received a doxorubicin-based regimen.
Prognostic variables were similar in both groups, except for a larger proportion of patients with close or positive margins in the early irradiation group (69% versus 38%, p < 0.02). At 8 years, local control rates were 98% for the early irradiation group and 76% for the other one, a highly significant difference (p = 0.004), and this remained significant after adjustment for prognostic factors. Disease-free and overall survival rates were 71 and 80% in the early group, as compared with 48 and 52% for the delayed one, p = 0.008 and 0.016. All these trends were observed within each category of surgical treatment, but reached significance only in the group of women with breast conserving surgery. The second study included 84 node-positive patients treated at Rush-Presbyterian-St. Luke's Medical Center between 1977 and 1989 [23] . They had lumpectomy, node dissection, radiation therapy, and chemotherapy. Forty-two patients received radiation therapy before 120 days, and 42 more than 120 days after surgery. In the first group, the majority of patients received CMF (n = 32), six received either AC or CAF, and 4 some other regimen. In the delayed group, 29 patients received CMF, 12 received CAF, and one received L-PAM/5-FU. Radiation therapy was delivered at a median dose of 45 Gy and 37 patients, 17 in the early group and 20 in the late one, received a boost of 6-30 Gy to the tumor bed. More patients were given supraclavicular treatment in the delayed than the early irradiation group (34/43 versus 26/42). Finally, internal mammary nodes were treated in six patients in each group. The 5-year actuarial local recurrence rate was 2% in the early group and 14% in the delayed one, a borderline significant difference (p = 0.05). All local recurrences were detected within 30 months of diagnosis. The 5-year actuarial survival rates were 87 and 82%, respectively (p = 0.39), whereas diseasefree survival and distant disease-free survival were 85 and 85% for the early group, compared with 69 and 81% for the delayed group (p = 0.04 and 0.34, respectively). In multivariate analysis adjusting for prognostic factors, margin of excision was the only factor predictive of local recurrence (p = 0.04). The surgery-to-radiation interval was also influential but did not reach significance (p = 0.09). Using survival as the end point, only number of positive lymph nodes and tumor size were significant predictors of survival (p = 0.02 and 0.04, respectively). The authors concluded that initiation of radiation therapy should be fewer than 120 days after surgery. These two studies are fairly similar with regard to their case mix as well as treatments provided, susceptibility to selection bias, and attempt to control for any prognostic imbalance between groups by the use of multivariate analytical models. Although their conclusions regarding local recurrences are compatible, low statistical power and differences in length of followup could partially explain why delay to radiation was a determinant of survival in one but not in the other.
Finally, five studies [24] [25] [26] [27] [28] focussed on populations with different levels of exposure to systemic therapy, and except for one [25] , provided data within homogeneous subgroups of treatment or used multivariate analytical models to adjust for differences in exposure to systemic therapy. With one exception [28] , all concluded to no impact of delaying radiation on outcomes.
Leonard et al. [24] compared two groups of patients treated at the University of Colorado Health Sciences Center between 1982 and 1992. The first group (n = 105) received all or part of chemotherapy before irradiation, on average 5 months after surgery. The second group (n = 157) received radiation therapy only, at a median of 1.5 months following definitive surgery. A minority of cases had quadrantectomy or segmental mastectomy. Radiation therapy was delivered to the whole breast at daily doses of 1.8-2.0 Gy for a total of 45-50 Gy. Seventy-six percent of patients received a boost to the tumor bed. Chemotherapy included CMF in a majority of patients (91%). Eighty-nine percent of patients in group I received all chemotherapy before irradiation. Tamoxifen was also taken by 67 and 53% of women in each group. Patients receiving chemotherapy had a significantly greater number of positive lymph-nodes (45% versus 12%) and younger age (43 versus 56 years), but mean tumor size was similar in both groups. The mean follow-up period was 42 months in group I and 55 in group II. The local recurrence rate was 4% in group I and 5% in group II, a nonsignificant difference. Moreover, within each group, it was unaffected by the interval between surgery and radiation therapy, analyzed using several nonoverlapping time periods (<1 month, ≥1 and <3 months, ≥3 and <6 months, ≥6 months; <4 versus ≥4 months; <6 versus ≥6 months). For each interval, the recurrence rates were similar in groups I and II. The distant recurrence rate was 7% in group I and 8% in group II, the 5-year overall survival rate was 91.5 and 84%; for relapsefree survival, it was 85 and 84%. These outcomes were unaffected by interval to radiation therapy. Using Cox regression analysis, neither the surgery-radiotherapy interval nor age, tumor size, margin status, lymph node positivity, or use of tamoxifen was a significant predictor of local recurrence. Meek et al. [25] conducted a study of 310 tumors in 297 patients with stage 0-II breast cancer treated between 1984 and 1989 at University Hospital, Stony Brook, NY. Surgery was described as quadrantectomy in 40 cases and lumpectomy in 270 others. Radiation therapy was delivered to the whole breast to the usual dose of 50 Gy in 25 fractions, with a boost to the involved region, usually with 9-12 MeV electrons. Seventy-six cases received adjuvant chemotherapy, 43 before radiation, 20 sandwiched around radiation therapy, 12 after radiotherapy, and one concurrently. One hundred and two cases received tamoxifen, 22 with chemotherapy. In the group of 247 patients not receiving chemotherapy or starting chemotherapy after radiation or concurrently, delay to radiation was 2-59 weeks, average 8 weeks. In the 63 cases with chemotherapyinduced delay, the interval was 12-63 weeks, mean of 31 weeks. Cases with delayed treatment had a higher proportion of T2 (p = 0.02), high-grade tumors (p = 0.004), and more axillary-node positive (p < 0.001), stage II disease (p < 0.001). Only one patient who received chemotherapy had in-breast relapse and 10 of 11 cases with an in-breast relapse were in the group without a delay to radiation (p = 0.57). There also was no association between pattern of chemotherapy and risk of distant metastasis (p = 0.3). The 5-year risk of dying with distant metastases was 4.8% with delayed treatment and 7.3% with early therapy, a nonsignificant difference (p = 0.53). Because of incomplete pathological reporting, lymphatic permeation, and extensive intraductal component could not be assessed. Moreover, no multivariate analysis was performed to adjust for differences in use of systemic treatment and prognostic factors between groups, making the results of this study difficult to interpret. Ampil et al. [26] compared two groups of 26 stage I and 21 stage II patients treated with wide local excision and radiation therapy without or with adjuvant chemotherapy between 1981 and 1995 in Louisiana. Among women without systemic treatment (the NAC group), those receiving radiation within 7 weeks were compared to women irradiated later. In the chemotherapy (AC) group, this threshold was fixed at 24 weeks and chemotherapy was usually administered first. The chemotherapeutic agents usually used were a three-drug combination with adriamycin, cyclophosphamide, methotrexate, and 5-fluorouracil. Radiation therapy was administered to a dose of 46-50 Gy over 4.5-5.5 weeks, 5 days a week at daily doses of 1.8-2.0 Gy. The majority of patients who received nodal irradiation were treated in the 1980s. Among women not receiving chemotherapy, those irradiated within 7 weeks of surgery had local and distant relapse rates (0% in both cases) similar to those treated later (18 and 12%, p-values > 0.40, and 0.70, respectively). Contrary to the conclusions of studies restricted to patients unexposed to chemotherapy reported above, 4-year crude survival rates were 78 and 29%, a significant difference (p = 0.05). In the AC group, none of the differences in local and distant recurrences or survival were significant. Another study included 221 high-risk patients treated with postmastectomy radiation at the University of Pennsylvania between 1977 and 1992 [27] . These patients were considered at high risk because of a pathologic T3 or T4 tumor (14%), close or positive margins (15%), positive lymph nodes (29%), or multiple risk factors (39%). All had either modified radical mastectomy or radical mastectomy. Adjuvant chemotherapy was given to 68%, hormonal therapy to 53%; 36% received both treatments. Radiation therapy was delivered to the chest wall to doses of 45-50.4 Gy with tangential fields, with daily doses of 1.8-2.0 Gy over 5-6 weeks. A boost dose to the mastectomy scar was delivered to 14 patients (6%). The regional lymph nodes were irradiated according to the policy of the attending physician. Chemotherapy consisted of CMF in 113 patients (75%), CAF in 73 patients (48%), and other combination regimens in five patients (3%). It was administered sequentially in 113 patients (75%), concurrently in 12 (8%), and using a sandwich technique in 26 women (17%). In women with concurrent chemoradiation, only CF was administered during radiotherapy. Among patients with a delay to radiation of 2 months or less, 31 (38%) were node-negative and 27 (33%) had four or more positive nodes; these proportions were 10 and 60% in women having radiotherapy between 2 and 6 months, and 3 and 74% in those irradiated more than 6 months after surgery (overall p < 0.001). The actuarial rates of locoregional recurrence at 8 years were 13, 4, and 12% among patients receiving radiotherapy 2 months or less, 2.1-6 months, and more than 6 months after surgery, a nonsignificant difference (p = 0.51). A larger proportion of patients in the early group did not receive chemotherapy and this could attenuate any difference in outcome associated with delay to radiation. However, the same conclusion was reached in a subset analysis of 151 patients who received chemotherapy (AC with or without paclitaxel) where these percentages were 21, 2, and 9% with increasing interval to radiation (p = 0.16). No multivariate analysis to adjust for differences between groups in prognostic factors, especially nodal status, margins, and hormone receptors, as well as use of tamoxifen was performed.
The only study of this group to suggest a detrimental effect of late radiation was done by Slotman et al. [28] and it involved 508 patients with stage I and II invasive breast carcinomas treated between 1980 and 1989 at a single institution in The Netherlands. All underwent conservative breast surgery with wide local excision, nodal dissection, and radiation therapy. The whole breast was treated using opposed tangential fields to a dose of 50 or 50.4 Gy and a boost dose of 15 Gy, more in cases with close or positive margins. The axilla was irradiated in 104 cases where a single excision was used for removal of the breast tumor and the axilla, and the internal mammary nodes were irradiated in 275 patients with a medial or central tumor and one or more positive nodes. Nodepositive pre-menopausal patients received chemotherapy (n = 73, standard regimen of six courses of CMF at 3-4 weeks interval), whereas 92 postmenopausal women, 76 of them node-positive, received tamoxifen. The median follow-up was 68 months. There were no significant differences in age, T-stage, pathological margins, N-stage, radiation dose to the breast, and percent of patients receiving adjuvant systemic therapy between the groups receiving radiation within and after 50 days of surgery. The locoregional recurrence rate was 1.7% for patients who started radiotherapy within 50 days and 5.6% for those with a longer interval (p < 0.05). In a Cox proportional hazard analysis, tumor stage, pathological margins, as well as the interval between surgery and start of radiotherapy were independent predictors of recurrence and this last variable remained significant in subgroup analysis restricted to patients who received systemic therapy. The distant failure rate and overall survival were unrelated to the interval until radiation as well as margin status.
Discussion
This review of time factors related to outcomes of adjuvant radiation therapy included two types of studies, those on sequencing and those on delay to radiation. The majority of these investigations were retrospective case reviews involving heterogeneous study populations with regard to prognostic factors as well as co-treatments. It is, therefore, often difficult to reconcile discordant observations, especially since survival was only recently recognized as a relevant end-point, and, therefore, was not consistently reported. Theoretically, however, there should be consistency between studies on sequencing of chemotherapy and radiotherapy, and those assessing delay among patients who received both, especially when similar regimens of chemotherapy were used in the groups under comparison.
The only published randomized clinical trial on sequencing [14] supports the notion that delaying radiotherapy is potentially detrimental at least for local control and this should be considered higher-level evidence. Among five publications on sequencing [10] [11] [12] [13] [14] , three were overall negative [11] [12] [13] , whereas the other two [10, 14] suggested that delaying radiation therapy increases the risk of local failure, but could be justified in high-risk patients in whom early CT has the potential to decrease distant recurrences. Although a trend in the same direction on mortality of early CT was observed, it did not reach statistical significance.
Overall, 11 studies [10, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] provided information on delay to radiotherapy among study populations where chemotherapy was also given, and four [10, 22, 23, 28] came to conclusions consistent to some extent with data on sequencing. The remainder of these investigations were negative. Methodological factors have certainly contributed to these inconsistencies. Experimental studies were not specifically designed to assess the impact of delaying treatment in women having an indication for radiotherapy, subgroup analyses involved few individuals followed over relatively short periods, and heterogeneity of the chemotherapy regimens used, especially the slight advantage of anthracycline-containing therapy over CMF [19] as used in NSABP B-15, might have been a contributing factor. Several of the negative observational studies reported on small numbers of individuals (139 [21] , 105 [24] , 151 [27] ), followed for periods of time between 4 and 8 years. The definition of late irradiation was fairly consistent (usually about 6 months). However, none of them provided results specific to women with chemotherapy while adjusting for differences in prognostic factors and use of tamoxifen, either by restriction or multivariate analysis including all relevant covariates.
Finally, four studies on delay to radiotherapy in populations who did not receive chemotherapy concluded to a lack of influence of the pattern of care on outcomes after adjustment for other prognostic factors [15] [16] [17] [18] . Two of them were restricted to node-negative populations [16, 17] , and in a third [18] , 80% of participants were node-negative. The period of follow-up, 5 years in all three studies, could have been too short to allow detection of a significant difference between categories of treatment in this low-risk population. The fourth study was restricted to T1 and small T2 cases followed up to 10 years and although time to radiation was a significant predictor of locoregional relapse, this association disappeared after adjustment. In this category of studies, late irradiation was variously defined but never exceeded 3 months; this was substantially shorter than the usual delay observed in patients receiving chemotherapy, which was often 6 months or more. In addition, four [24, [26] [27] [28] of the studies listed in Table 3 reported results specific to patients not receiving chemotherapy and two also concluded to a lack of influence of delay to radiation [24, 27] . The group without chemotherapy in Ampil et al. [26] showed significantly better survival with early radiation, but the comparison involved only nine and 17 patients. Finally, no interaction between systemic therapy (defined as either or both chemotherapy and tamoxifen) and interval between surgery and radiotherapy was observed in Slotman et al. [28] in multivariate analysis adjusting for several prognostic factors, suggesting that longer interval to radiation negatively influences local control independently of systemic therapy.
Four of the studies reported here included patients having mastectomy [11, 13, 22, 27] , but only three provided results by type of surgery [13, 22, 27] . Overall, this review, therefore, mostly reflects the experience of women undergoing radiation therapy following breast conserving surgery. However, and although indication for radiotherapy following mastectomy reflects poorer prognosis [3] , the outcomes of women so treated were not strikingly different from those having breast conserving surgery when delay to radiation was the main exposure variable.
Pathologic margin status and the use of systemic therapy are the most important factors associated with local recurrences among patients treated with breast conserving surgery and radiation therapy [29] . Several studies included in this review confirm the importance of margin involvement either as an independent predictor of local control [17, 23, 28] , or as a modifier of the influence of delay to radiation on the rate of local recurrences [14] . It is likely that pathological margin involvement prompts early radiotherapy and this could attenuate toward the null the effect of delay on local control in observational studies.
Meta-analytic results [8] suggest that 6 months represents a critical time limit to radiation, but some of the studies reported here have looked at shorter delays and concluded to differences in outcomes associated with waiting time to radiation as short as 50 days. Infinite delay as found in women who did not receive radiotherapy following breast conserving surgery has been shown to significantly compromise the breast recurrence rate [30] . Although more experimental data would be desirable, the usefulness of observational studies should not be underestimated, given the limited feasibility of testing a large diversity of time thresholds for defining late radiation, the ethical issues associated with the conduct of randomized interventions, and the variability of systemic therapies for breast cancer currently available. The risk of selection bias and confounding by indication represents a major threat to the validity of such investigations, and every attempts should be made to minimize or control for differences in both the distribution of major prognostic factors, especially extent of nodal or margin involvement, and use of systemic therapy likely to influence either or both local and distant disease.
A few theories about the natural history of breast cancer [31, 32] have been proposed to account for the small but definitive risk of recurrences and death in early-stage disease. Recent data on treatment of nodenegative tumors 1 cm or less conclude to some benefit from systemic therapy with chemotherapy and/or tamoxifen even in these cases at very low risk of recurrence [33] . This supports the notion that a small subset of aggressive breast tumors tend to disseminate very early in the course of this disease, although the best way to detect them by a combination of biomarkers remains to be defined. Overall, there is obvious need to explore new modalities of administration of locoregional and systemic therapies ensuring optimal safety.
Both tamoxifen and chemotherapy have the potential to increase local control, as well as distant disease-free and overall survival [29, [34] [35] [36] [37] [38] . The literature on delay to radiation provides some evidence that late radiotherapy has the potential to compromise local control, although this appears to be more likely in high-risk patients. The majority of the studies reported here suggested that radiotherapy is quite effective in controlling microscopic disease independently of time to radiation. However, given the methodological weaknesses identified in this critical appraisal of the available evidence, and with the extension of recommendations for systemic adjuvant therapy to cases previously spared this option [39] , it seems prudent to endorse current guidelines, although with radiation therapy administered as early as feasible, especially when the risk of local recurrence is high. Concomitant chemoradiation is an alternative option, but poor cosmetic outcomes and high toxicity associated with some regimens have restricted its use [40] [41] [42] [43] . The recent shift toward shorter anthracycline or taxane-based chemotherapy permits earlier radiotherapy and may lead to better local and distant control and survival [3] . More data on the optimal integration of surgery, radiotherapy, and chemotherapy are needed.
